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Summary
Human menopause is remarkable in that reproductive
senescence is markedly accelerated relative to so-
matic aging, leaving an extended postreproductive
period for a large proportion of women [1, 2]. Func-
tional explanations for this are debated [3–11], in part
because comparative data from closely related spe-
cies are inadequate. Existing studies of chimpanzees
are based on very small samples and have not pro-
vided clear conclusions about the reproductive func-
tion of aging females [12–19]. These studies have not
*Correspondence: memery@fas.harvard.eduexamined whether reproductive senescence in chim-
panzees exceeds the pace of general aging, as in
humans, or occurs in parallel with declines in overall
health, as in many other animals [20, 21]. In order to
remedy these problems, we examined fertility and
mortality patterns in six free-living chimpanzee popu-
lations. Chimpanzee and human birth rates show sim-
ilar patterns of decline beginning in the fourth decade,
suggesting that the physiology of reproductive senes-
cence was relatively conserved in human evolution.
However, in contrast to humans, chimpanzee fertility
declines are consistent with declines in survivorship,
and healthy females maintain high birth rates late
into life. Thus, in contrast to recent claims [16], we
find no evidence that menopause is a typical charac-
teristic of chimpanzee life histories.
Results and Discussion
In this study, we contrast age patterns of fertility in chim-
panzees and humans. Our analysis focuses on two
interrelated but differentiated processes: reproductive
senescence, characterized by reduced reproductive
performance with age, and menopause, characterized
by species-typical patterns of reproductive senescence
that significantly exceed the general aging trajectory
and result in a postreproductive life stage. We com-
pared age-specific fertility patterns calculated from
534 chimpanzee births and 3416 female risk years with
equivalent demographic data from two well-studied hu-
man foraging populations, the !Kung of Botswana [22]
and the Ache of Paraguay [1]. In all datasets, age-spe-
cific fertility formed an inverted U shape, characterized
by lower birth rates at the beginning and end of the
reproductive life span. Compared with humans, chim-
panzees reproduced more broadly across the life cycle,
experiencing an earlier onset of fertility (Figure 1). Re-
productive performance began to decline at a similar
age group in chimpanzees and humans (25–35) and ap-
proached zero at approximately the same age (w50).
Peak fertility rates of chimpanzees were similar to the
!Kung population, who have reduced fertility because
of a high incidence of secondary sterility [22], whereas
Ache birth rates reached a markedly higher maximum.
The slope of the age-related decline in chimpanzee
fertility after age 25 was not significantly different from
the hunter-gatherer populations (chimpanzees: 20.008;
!Kung: 20.010, t = 1.280, p = 0.237; Ache: 20.013,
t = 1.821, p = 0.106). These data support the hypothesis
that the timing of human reproductive senescence has
been largely conserved from our closest ancestors [2, 7].
Despite these similarities, the fertility patterns of
chimpanzees and humans are markedly different when
compared with each species’ age-specific mortality pat-
terns (Figure 1). Fertility in chimpanzees declines at
a similar pace to the decline in survival probability,
whereas human reproduction nearly ceases at a time
when mortality is still very low. This suggests that
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2151Figure 1. Comparison of Chimpanzee and Human Age-Specific Fertility and Mortality Patterns
(A) Chimpanzee age-specific fertility (mean 6 standard error [SE] of six populations) and female probability of surviving (lx) to end of each age
class (five wild populations only).
(B) Dobe !Kung hunter-gatherers, 1963–1973 [22].
(C) Ache hunter-gatherers, Forest Period [1].
(D) Comparison plot of chimpanzee and human hunter-gatherer age-specific fertility. Age-specific fertility was calculated as the number of births
as a fraction of risk years in each 5 year age interval. Intervals with two or fewer risk years in any population were excluded. All data are derived
from true fertility and mortality rates rather than from model-fitted data.reproductive senescence in chimpanzees, unlike in hu-
mans, is consistent with the somatic aging process.
To further test this idea, we divided our age-specific
fertility data for age classes over 25 into two subsets,
with each birth and female risk year classified according
to the subsequent survival of the female. The ‘‘un-
healthy’’ subset contained risk years and births that
occurred within 5 years of a female’s death; the
‘‘healthy’’ subset consisted of data from females that
lived an additional 5 or more years (an approximate
chimpanzee birth interval). The cause of death is un-
known in the majority of cases; thus, this sample surely
includes deaths from acute illness or violence [23],
therefore underestimating the health-related differences
in birth rate between the two groups. Even so, healthy
individuals had higher fertility than did unhealthy individ-
uals (Wilcoxon signed-ranks test, Gombe: z = 21.924,
n = 19 years, p = 0.054, Mahale: z = 22.172, n = 18,
p = 0.030, Mean of two populations: z = 22.461, n = 19,
p = 0.014). Healthy individuals did not have a significant
age-specific decline in fertility (Figure 2; R2 = 0.169,df = 6 age groups R 15, p = 0.419), whereas unhealthy
individuals reproduced less well at later ages (R2 = 0.760,
df = 6, p = 0.023). This suggests that variance in somatic
aging is systematically related to variance in reproduc-
tive senescence. Thus, these data are consistent with
the hypothesis that the population-wide age decline in
fertility reflects patterns of overall senescence, i.e., an
increasing proportion of unhealthy individuals in older
age groups.
As a further test of age influences on reproduction,
we investigated whether the duration of interbirth inter-
vals increased with age by calculating a Cox propor-
tional-hazards model with an individual random effect
to control for repeated intervals from the same individ-
ual. In this model, the length of interbirth intervals in-
creased significantly with maternal age in chimpanzees
(Figure 3A; X2 = 28.2, df = 1, p < 0.0001). However, the
effect size was very small (b = 20.05), particularly in re-
lation to the age-related effect in humans (Figure 3C).
For chimpanzees, the individual effect of maternal
identity was the strongest predictor of interbirth interval
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2152duration (X2 = 236.2, df = 81, p < 0.0001). As with the age-
specific fertility analysis, we attempted to control for
declining maternal health by eliminating birth intervals
that culminated in maternal death. This substantially miti-
gated the effect, with healthy chimpanzees over 35 years
of age experiencing a 20% decline in fertility, further sup-
porting the hypothesis that fertility decline in chimpan-
zees is closely related to somatic senescence (Figure 3B).
Even with this combined dataset, the sample of fe-
males in the oldest age classes is low, given that only
7% of female chimpanzees born in the wild survive to
40 years of age. However, reproduction after the age
of 40 years occurred in all five wild chimpanzee popula-
tions. Thus, out of 34 mothers from the five sites that
are estimated to have lived beyond the age of 40
(mean last age 45.3 years), 47% subsequently produced
at least one offspring, and four females (mean last age
51.3 years) had two births after 40 years of age. Thus,
we find little support in the wild data for the recent con-
clusion from captive studies that menopause occurs in
chimpanzees at the age 35–40 years [16].
Our data on the reproductive patterns of wild chim-
panzees help shed light on three aspects of the evolu-
tion of the human reproductive life span. First, age-spe-
cific fertility profiles of chimpanzees differ from those of
humans. Chimpanzees had a wider, flatter profile than
hunter-gatherer populations. This reflects in part the
earlier maturity of chimpanzee females relative to hu-
mans [24]. In addition, the chimpanzee data do not indi-
cate a strong peak in fertility, as is clear in the human
datasets at approximately ages 25–35. This has several
potential explanations. Ovarian hormone production in
humans follows a very similar pattern, suggesting an in-
creased ability to conceive at these ages [25]. Available
data suggest that estrogen levels do not change signif-
icantly with age in captive chimpanzees [16], but data for
wild chimpanzees are not yet available. In addition,
human mothers often care for more than one dependent
offspring at a time, which might contribute to shortened
birth intervals, particularly at ages when they are most
Figure 2. Impact of Somatic Health on Chimpanzee Fertility Rates
In females at or above the age of 25, healthy individuals had signif-
icantly higher fertility than did females who died within 5 years of
the birth or risk year considered. We used data for the two suffi-
ciently-sampled long-term populations, Gombe and Mahale, and
indicate the mean of the two populations. Other populations have
small samples but similar trends.likely to have living mothers or other relatives to assist
with care [7, 10]; this is rare in chimpanzees [26]. Also,
chimpanzees experience significant mortality in this age
group, possibly leading to substantial variance in repro-
ductive function. However, even our data on ostensibly
healthy chimpanzees does not suggest a significant
peak in fertility within the reproductive life span.
Second, our data have implications for understanding
the evolution of human menopause. Like recent data on
follicular depletion in chimpanzees [17], age-specific
fertility data show that reproductive senescence follows
a similar time course in chimpanzees and humans. But
although the decline in chimpanzee fertility mirrors de-
clines in survival, humans experience an extended post-
reproductive life span. Our findings thus support the
hypothesis that the pattern of reproductive decline in
both species has its origins in our last common ancestor
and that human evolution has resulted in an extended
life span without complementary selection on extended
reproduction [2, 4]. On the other hand, our data suggest
that healthy chimpanzees maintain high fertility at ages
when even healthy humans experience marked declines
in reproductive function. This difference might provide
some evidence that natural selection has slightly re-
duced the reproductive span of humans (or, less likely,
extended that of chimpanzees). However, we have two
caveats to this conclusion. Relatively few chimpanzees
reach these oldest age classes; thus, our sample size
is still too small to draw strong conclusions about this
difference. Additionally, later menopause has been
linked with longevity in humans, suggesting that repro-
ductive senescence might also be slower in relatively
healthy humans [27–29]. Were there a similar relation-
ship in chimpanzees, it could also mean that those chim-
panzees left in the sample at late ages were those with
particularly high fertility.
Finally, although some studies have emphasized an
age-related decline in the fertility of captive chimpan-
zees as evidence of menopause, our examination of
wild chimpanzees emphasizes the need to consider the
general aging trajectory of the species in conjunction
with reproductive senescence. In contrast to recent
conclusions from captivity [16], we find no evidence to
support the hypothesis that chimpanzees routinely ex-
perience menopause in the wild. On the contrary, our
data on reproductive senescence conform to known
differences in survivorship of individual animals. So-
matic health has not been considered in previous stud-
ies on the fertility of captive chimpanzees, but it might
explain the very mixed results of these studies. Parallel
contrasts are found between careful captive studies of
aging gorillas, which support the occurrence of meno-
pause [30], and wild studies, which do not [31].
Age declines in fertility are a common feature of mam-
malian life histories, and, particularly among other pri-
mates, some older individuals cease reproducing years
before death [20, 21, 32–37]. Likewise, some chimpan-
zees clearly do experience a short postreproductive
lifespan. However, we argue that this is not inconsistent
with their generally slow reproductive schedule and the
decline in general health that accompanies the aging
process. Although true menopause results when the
supply of ovarian follicles is too depleted to sustain ovar-
ian cycling [38, 39], other factors, such as inflammatory
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2153Figure 3. Hazard for Chimpanzee and Human Interbirth Intervals According to the Age of Mother at the Start of the Interval
Lines reflect the probability of a chimpanzee bearing a new infant at each time point when the previous infant has survived.
(A) All wild chimpanzee birth intervals.
(B) Wild chimpanzee birth intervals, excluding intervals that terminated with the mother’s death.
(C) Birth intervals of human hunter-gatherers in the Dobe !Kung population, adapted from Howell, 1979 [22].processes, probably also contribute to secondary infer-
tility in some individuals [40]. These cannot be ruled out
as causes of reproductive cessation in aging individuals.
Additionally, evidence from other large-bodied mam-
mals suggests that captive breeding schedules can arti-
ficially accelerate reproductive senescence; prolonged
nonreproductive periods led to an increase in genital
pathologies and accelerated follicular loss in captive
elephants and rhinoceros [41–43]. Some studies have
reported a correlation between contraceptive use or an
increase in nonconceptive cycles and early menopause
in humans [44, 45], but this phenomenon has not yet
been investigated in other primates.
The adaptive significance of human menopause, or
postreproductive life span, is still debated. This study
provides greater evolutionary context to this debate by
demonstrating that chimpanzees and humans experi-
ence a similar pace of reproductive senescence but
that this pace does not exceed expectations from theoverall somatic aging process in chimpanzees. These
results, as well as recent data from wild gorillas [31]
and orangutans [46], indicate that menopause is not
a part of the life cycle of living apes and is a uniquely
derived feature of humans.
Experimental Procedures
Study Populations
Our subjects represent four wild populations of Pan troglodytes
schweinfurthii in Gombe National Park (Tanzania), Mahale National
Park (Tanzania), Kibale National Park (Uganda), and Budongo Forest
(Uganda), one wild population of Pan troglodytes verus in Bossou,
Guinea, and one free-ranging, provisioned population at the Chim-
panzee Rehabilitation Project in the Gambia with reproductive
parameters comparable to wild populations [47]. Although these
populations exhibit small differences in reproductive parameters
(Table 1), variance in completed (birth to birth) interbirth intervals
within each population was larger than the interpopulation variance
(F tests, all p < 0.02). Thus, age-specific fertility patterns were com-
parable whether we weighed each geographic population equally or
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2154Table 1. Comparative Data on Reproduction in Free-Ranging Chimpanzees
Chimpanzee
Community
n Birth
Intervalsa n Females
Median IBI
(mos) 6 SE
after Offspring
Deathb
Median IBI
(mos) 6 SE
after Surviving
Offspringc
Median IBI
after Surviving—
Controlled by
Femalec
Shortest
Completed
Intervalc
Longest
Completed
Intervalc
Youngest
to Give
Birthd
Oldest to
Give Birth
to Surviving
Offspringe
Gombe 74/41 41 23.2 6 2.5 67.4 6 4.0 73.1 39.4 97.5 11.1 49.2
Mahale 116/58 62 26.6 6 3.8 71.9 6 2.0 69.0 44.1 132.0 12.0 44.0
Kibale 21/16 17 29.6 6 8.1 79.1 6 13.9 70.5 28.9 98.4 14.1 55.0
Budongo 13/17 17 37.1 6 0.0 62.7 6 3.0 63.8 57.5 83.7 n/a 40.6
Bossou 21/10 10 24.0 6 0.4 63.9 6 2.7 77.9 23.2 128.0 9.5 39.5
Gambia 43/25 25 29.6 6 2.8 67.2 6 5.8 73.4 21.7 110.7 12.6 32.7
Composite 288/173 165 26.6 6 2.7 68.9 6 1.2 70.6 21.7 132.0 9.5 55.0
Comparative data on reproduction in free-ranging chimpanzees. Sample sizes and reproductive parameters are given for each chimpanzee
community, and the composite dataset is underlined. The following abbreviations are used: interbirth interval (IBI) and months (mos).
a Data are presented as complete/censored.
b Offspring died < 4 years.
c Offspring survived at least 4 years.
d Ages known.
e Ages estimated.considered all females to be members of the same statistical popu-
lation (see Supplemental Data available online). In an additional anal-
ysis, we coded each female risk year and birth according to whether
the female (1) subsequently died within 5 years of the datapoint in
question or (2) lived an additional 5 years beyond that date, with
indeterminate data (i.e., the most recent 5 years of living females)
excluded. For ages over 25, we then calculated age-specific fertility
rates separately and used a paired analysis to compare birth rates
between healthy and unhealthy groups at each age.
Female dispersal in chimpanzees precludes the precise assign-
ment of birth dates to most females in the study. The majority of
females (n = 300) were either first identified as juveniles or as young,
nulliparous immigrants; thus, we can be confident of their ages at
least to within 5 years. Females who were first identified as mothers
or older residents (n = 55) were assigned ages based on their repro-
ductive histories, including age and number of known or suspected
offspring. Age estimates derived in this manner were typically con-
servative, though clues related to appearance were also used to
rank the relative ages of individuals [48]. To include older females
from all populations, we conducted analyses on the entire dataset
for years of researcher presence. A more conservative analysis,
excluding all females whose age estimates included more than
a 5 year error, was also conducted with qualitatively similar results
(Supplemental Data).
We compared chimpanzee data with the two available demo-
graphic datasets from human forager populations [1, 22]. It should
be noted that !Kung women were adversely impacted by infectious
infertility; Howell [22] estimated that this might have lowered repro-
ductive output by approximately 3% per year, though she concludes
that this does not fully account for the relatively low fertility rates of
the !Kung compared to other populations. This might or might not
reflect a valid comparison with wild chimpanzees; therefore, curves
of both available hunter-gatherer datasets are provided for compar-
ison. Comparative data for Figure 3 are available only for the !Kung.
However, because birth rates were lower throughout the life course
for the !Kung relative to the Ache, data from the !Kung should pro-
vide accurate information on relative fertility in each age group.
For Ache and chimpanzees, mortality data pertains to females spe-
cifically. Published data for !Kung mortality were available for the
combined population only; this is a marginal overestimate because
female mortality in this population was approximately 10%–20%
lower than was male mortality, depending on the age group [22].
Interbirth Intervals
Interbirth interval calculations were performed with Kaplan-Meier
survival analyses. These analyses consider both completed birth in-
tervals (i.e., those that conclude with a birth) and censored intervals
(those that had not resulted in a birth by the date of study or the
mother’s death) in which the first infant survived to weaning. We
considered only births with dates known to within one year (though
more commonly within days or weeks). We also calculated a Cox
proportional-hazards model incorporating dependent variables of‘‘infant survival to age 4’’ and ‘‘mother’s age at start of interval.’’
To address the nonindependence of multiple intervals contributed
by each female, we incorporated a gamma-frailty term [49] that
specifies an individual-level multiplicative random effect on the fer-
tility hazard with unit mean and variance estimated by using
a method of penalized likelihood [50]. The frailty term is essentially
a latent trait that models additional variance in birth intervals not
accounted for by the measured covariates. The model fit for 459
birth intervals was the following: R2 = 0.606, Wald statistic = 206,
df = 82.6, p < 0.0001.
Supplemental Data
Supplemental Results and Discussion, three figures, and two tables
are available at http://www.current-biology.com/cgi/content/full/
17/24/2150/DC1/.
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